Firing through Aluminum Grid Paste for Bifacial Solar Cells  by Rudolph, Dominik et al.
1876-6102 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SiliconPV 2016 under responsibility of PSE AG.
doi: 10.1016/j.egypro.2016.07.109 
 Energy Procedia  92 ( 2016 )  971 – 977 
ScienceDirect
6th International Conference on Silicon Photovoltaics, SiliconPV 2016 
Firing through aluminum grid paste for bifacial solar cells 
Dominik Rudolph*a, Thomas Bucka, Andreas Teppeb, Faramarz Binaie Masoulehb, 
Rudolf Harneya 
aISC Konstanz, Rudolf-Diesel-Strasse 15, 78467 Konstanz, Germany 
bRCT Solutions GmbH, Turmstrasse 20, 78467 Konstanz, Germany 
Abstract 
A rear side PECVD passivation stack and an aluminum firing-through paste for the rear side metallization of p-type bifacial 
multicrystalline solar cells were developed. Both passivation stack and Al paste were adapted to each other to reach best cell 
efficiencies. The refractive index of the rear side PECVD passivation stack is optimized to be etched effectively by the firing-
through Al paste. Our experiments have shown that the boron doping underneath the passivation stack is helpful to reach a good 
passivation quality and contact formation. The paste was improved in the way to reach a low contact resistivity without impeding 
the VOC resulting in a compromise of these two parameters. We found out that the glass frit composition and mixture in the paste 
are the crucial factors for this kind of application. The so far highest cell efficiency of 17.8% with a VOC of 633 mV was reached 
with our Al firing-through paste on a PECVD SiNX layer. 
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1. Introduction 
Due to their power gain from the rear side, bifacial cell structures are currently under research and development 
by many institutions. Most of these approaches are using mono-crystalline material like the BiSoN cell concept or 
the n-Pasha cell concept [1, 2]. The main reason why this advanced cell structure is seldomly used with 
multicrystalline material is that boron diffusion is considered to be difficult to obtain, due to the low diffusivity of 
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boron in silicon. Even though it was shown years ago that it is possible to obtain a boron diffusion for 
multicrystalline solar cells at moderate temperatures it is still not common [3]. Teppe et al. have demonstrated that 
the so called multi PERCT technology is working in industrial production reaching an average efficiency of 18.3% 
for p-type bifacial solar cells [4]. So far these bifacial cell concepts are using silver paste for the front and the rear 
metallization, which is a serious cost driver in the cell production. A cost effective option is to use firing-through 
aluminum pastes on the rear side instead of the expensive silver paste [5]. Cesar et al. have shown that with such 
aluminum based firing-through  pastes it is possible to form 5 and 7 ȝm thick local BSF when fired through 12 nm 
thick Al2O3 film at a peak temperature range of 790 to 845°C respectively [6].  Currently commercial Al firing-
through pastes for this purpose are not available, which was the reason for us to develop such a paste. The Al paste 
has the function to locally etch away the passivation stack, build a back surface field (BSF) layer and establish a 
contact. It is well known that a local BSF layer should be homogeneous and as thick as possible [7]. This is the case 
for locally opened passivation layers with subsequent local Al paste print and also for printed fire through contacts 
(FTC), where a grid of contacting paste is printed first, followed by full area printing of non fire through Al paste [8, 
9]. For our case, where the Al paste has the function to etch the passivation layer, form a contact and build a BSF 
underneath, we assume that this can only be achieved, if the passivation layer is etched very fast without influencing 
the liquid phase of aluminum and silicon. 
 
Nomenclature 
TG glass-transition temperature   
2. Experimental 
A multicrystalline PERC cell concept called multi PERCT as reported by Teppe et al. was optimized further in 
order to create bifaciality and to use aluminum grid paste on the solar cell rear side instead of expensive silver paste 
[4]. Fig. 1 shows a schematic side view of the bifacial PERCT solar cell. The PERCT cell process starts with acidic 
texturing of the p-type multicrystalline cells, followed by a HF/OZON cleaning step with a subsequent shallow 
boron front to front diffusion on the rear side. The wafers are loaded front side facing front side in the same slot of 
the tube of the BBr3 diffusion furnace. The rear side passivation is deposited by PECVD after chemical edge 
isolation of the front side. Subsequently the cells are cleaned with HCl/HF and the emitter is generated by P-
diffusion. After phosphorous glass removal the antireflection coating is deposited on the cell front side by PECVD. 
Front side Ag metallization and rear side aluminum grid metallization is done by screen printing and contacts are 
sintered in a subsequent co-firing process.  
 
 
 
 
 
 
 
 
   
 
 
 
 
Fig. 1. Schematic side view of the mc-PERCT solar cell developed by RCT Solutions GmbH. For the back contact grid either AgAl p+ paste or 
firing-through Al paste can be used. 
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2.1. Samples for rear side passivation stack optimization 
For the rear side passivation two different approaches were made. The first approach contains a boron diffusion 
before PECVD deposition and the second approach is without this diffusion step but using a two layer passivation 
stack of SiOX and SiNX. With both passivation stacks first cells were made, printed with a commercial Al-BSF paste 
and reference cells with full area Al-BSF rear side were made in the same experiment. The results are shown in 
chapter 3.1. 
2.2. Samples for Aluminum paste comparison 
For the paste experiments PERCT cells with rear side Boron diffusion were made as described above using 
p-type multicrystalline wafers with a base resistivity of 1 to 3 ȍcm. As Al-BSF monofacial reference group cells 
without rear side diffusion and rear side passivation were made, too. Several commercial Al pastes were tested and 
self developed pastes with variations in glass frit and composition were compared to these pastes. All groups are 
summarized in Table 1. Group 1 is a monofacial full area Al-BSF reference. Group 2 is a bifacial cell with an AgAl 
p+ grid on the rear side. For group 3 and 4 two commercial Al pastes were used for the rear side grid of bifacial cells 
and the groups 5 to 10 were printed with different mixed Al fire-through pastes. The Al pastes A to F contain all the 
same Al powder, solvent, binder and additive but glass frit type and mixture are changed systematically. After 
metallization the cells were co-fired in a belt firing furnace and afterwards the cell IV-characteristics were measured 
by a cell flasher with black chuck. Transfer line measurements (TLM) were done on 1 cm stripes of the most 
interesting samples. 
Table 1. Groups with different rear side metallization. 
Group Rear side passivation stack Rear side layout Rear side paste 
1 no Full area Al-BSF reference 
2 PECVD SiNx on Boron BSF 172 lines, 40 μm width AgAl p+ paste 
3  103 lines, 300 μm width Al-PERC reference 
4   Al-BSF reference 
5   A: Combination of two glass frits with low TG and high TG* 
6   B: Combination of two glass frits with low TG and high TG* 
7   C: Combination of two glass frits with low TG and high TG* 
8   D: glass frit 1 with low TG 
9   E: glass frit 2, highly active 
10   F: glass frit 3 with high TG 
*Amount of glass frit in paste A is lower than in paste B, whose glass frit amount is on the other hand lower than in paste C 
 
3. Results and discussion 
3.1.  Rear side passivation stack optimization 
The open circuit voltage VOC of the cells with and without rear side Boron doping is plotted in Fig. 2. The group 
without boron doping has an extremely low VOC, most likely due to an inferior passivation on the rear side. The 
group with Boron doping is obviously better but the VOC is lower than for the reference Al-BSF cells. The metalized 
area on the rear side of the bifacial cells increases the recombination, which partly explains the lower VOC value. A 
higher firing temperature improves the VOC performance slightly but cannot enhance the VOC of the bifacial cells 
over the Al-BSF cells. As a result of this experiment all following cells were made with boron doping on the rear 
side. 
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Fig. 2. VOC of cells with varying rear side passivation, Boron doping with SiNx on top, full area Al-BSF and a double stack with SiOXNX and 
SiNx. The results are separated in two parts for different peak firing temperatures. 
3.2. Development of an Al firing-through paste 
In Fig. 3 a) the fill factor FF of six in house fabricated pastes is compared with two commercial Al pastes, one 
made for Al-BSF cells and one made for PERC cells. In the same experiment we made an Al-BSF reference with 
full rear side metallization and a bifacial reference with AgAl grid. As can be seen the FF is strongly influenced by 
the used glass frit in the paste composition. Bifacial cells printed with paste D and F show a low FF, while cells 
printed with the pastes A, B, C and E result even in a higher FF than the bifacial cells printed with the two reference 
pastes. It is obvious that the glass frits 1 and 3 alone and the glass frits in the two reference Al pastes are not 
aggressive enough to fire through our passivation stack. 
 
 
 
Fig. 3. a) Fill factor and b) VOC of groups with different metalized rear side (variation in paste and screen like in Table 1.). 
Bifacial Al-grid 
on OxNx passivation without 
boron BSF 
Bifacial Al-grid 
on boron BSF 
ALBSF 
reference 
b)a) 
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Fig. 3 b) shows the VOC of all groups and it is obvious that the glass frit 2 is too aggressive resulting in a very low 
VOC of around 616 mV. The comparison of the Al pastes A, B and C, which all contain glass frit 1 and 3 in different 
quantities, with the two reference Al pastes shows that it is possible to maintain a good fill factor while VOC is not 
affected too much. The potential in VOC is not yet fully used what is illustrated by an implied VOC of tempered non 
metalized samples of 651 mV as well as a 3-4 mV higher level of the Al-BSF reference samples processed with the 
same material. As expected VOC decreases with increasing amount of glass frit in the pastes A, B and C, showing the 
effect of stronger passivation layer etching and hence higher recombination. Cells with the pastes D and F have a 
VOC of 627 – 629 mV but with the price of a low FF.  
Fig. 4. a) JSC and b) cell efficiency of the different groups. 
 
The short circuit current JSC, shown in Fig. 4 a), is significantly higher for all bifacial cells than for the 
monofacial Al-BSF cells. All cells with the in house fabricated Al pastes have a 0.3 to 0.8 mA/cm2 higher JSC than 
the cells of group 3 and 4 with the Al reference pastes. Most probably a better contact resistivity, a lower line 
resistivity and a lower J0,met are the reasons for this difference. The higher JSC of the bifacial cells with rear boron 
diffusion and rear side passivation compared to group 1 with Al-BSF can be explained by superior light trapping by 
using the dielectric layer at the cell rear than metal. The difference in JSC between the in house fabricated Al pastes 
is only marginal except the cells printed with paste E, which have a JSC of around 0.3 to 0.4 mA/cm2 lower than the 
other groups. This can be explained by the strong etching behavior of this paste reducing not only the VOC but also 
the JSC of the cell. 
Fig. 4 b) shows the cell efficiency of all groups. The results are not at an optimum due to a non optimal process 
environment. The highest efficiency is reached with AgAl p+ paste on bifacial cells followed by an around 0.2% 
lower Al-BSF reference. The best Al grid group is group 6 using paste B and has only 0.1% less efficiency than 
group 1. All in house fabricated pastes except paste D and F perform significantly better than the two used 
commercial reference pastes. It should be mentioned that these reference pastes were not optimized for this 
application. Nevertheless if we compare the cell efficiency at 1 sun, 0.5 sun and 0.2 sun of the best performing 
groups, which is shown Fig. 5, it is clear that the bifacial cells work much better for low illumination than the 
monofacial Al-BSF reference cells. It is well known that cell efficiency at low light intensity is dominated by Rsh 
[10]. In the case of group 1, Rsh, is around 62000 cm2, which could not explain the lower efficiency at 0.5 and 0.2 
sun. Rsh for the groups 2, 5, 6 and 7 lies between 4000 and 6300 cm2, which is even lower than for group 1, hence 
the smaller losses for these groups cannot be explained by Rsh. But the relatively high RS, which is 0.83 cm2 for 
group 2 and between 1.02 to 1.17 cm2 for the groups 5, 6 and 7, is less relevant at lower illumination intensity 
[11]. The better cell performance at low light intensity and the additional power gain in the module have a lot to 
commend for bifacial cells. 
 
a) 
a) b) 
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Fig. 5. Cell efficiency at 1 sun, 0.5 sun and 0.2 sun of the best performing groups. 
3.3. Contact formation 
In Fig. 6 the measured specific contact resistivity ȡC of all in house fabricated Al pastes is shown. Only with Al 
pastes B and E a good contact is achieved but due to the strong recombination with paste E, paste B seems to be the 
best candidate.  
 
Fig. 6. Specific contact resistivity ȡC of the different in house fabricated Al pastes in logarithmic scale due to high values with paste F. 
4. Conclusion 
By optimizing the rear side passivation layer to the Al firing-through paste and the other way around it is possible 
to make bifacial multicrystalline solar cells with a high JSC. Due to metal recombination and the thinner passivation 
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layer VOC is around 4 mV lower than for an Al-BSF reference. FF is lower than the reference due to higher series 
resistance, which is plainly due to higher contact resistivity and higher line resistivity. Overall the cell efficiency is 
currently only 0.1%abs below the AL-BSF reference, additionally this cell concept will benefit from the bifacial gain 
and it shows better efficiency for low light intensities. The developed Al firing through pastes are yet not on the 
same level of the AgAl p+ paste but with significant potential.  
Actual further optimizations of the paste regarding improvement of the contact formation and reduction of the 
metal recombination are carried out. Newest results on multicrystalline wafers using rear side aluminum already 
show best cells reaching 17.8% front side efficiency, VOC = 633 mV and 69% bifaciality by using standard 3 busbar 
layout. Further improvement is expected for cells with 4 busbars reducing the impact of the Al paste line resistance 
on the series resistance. 
The behavior of the glass frit in the paste cannot be concluded completely. But it can be said, that the paste 
performance is strongly affected by the kind of glass frit and by the glass frit mixture. Glass frits, which do not 
perform well alone, improved the performance of the paste significantly if they were mixed together. The amount of 
glass frit in the paste has an influence on the cell parameters FF, VOC and JSC. More glass frit improves the FF due to 
lower contact resistivity but reduces VOC and JSC. The improvement of the FF is somehow limited, most probably 
due to an increased line resistance by the higher amount of glass frit in the paste. Overall the cell efficiency is not 
affected much in the tested glass frit amount range. Henceforth to understand the influence of the glass frit amount 
completely a further experiment with a wider range of the glass frit amount has to be carried out. 
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